Effective therapy of infections caused by facultative intracellular micro-organisms, which persist after ingestion by mononuclear phagocytic cells, requires antibiotics which inactivate these intraphagocytic bacteria. A previous study demonstrated that intracellular concentrations of normethylpefloxacin, Q, were the result of simple diffusion and an active efflux involving organic anion transporters. In our work, we studied pefloxacin transport in human monocytes. A kinetic approach was followed to establish the processes involved. Extracellular concentrations, C t , corresponding to in-vivo pharmacological levels of the drug were used. Uptake of the antibiotic was assessed principally by HPLC. Pefloxacin was accumulated by the cells (CJC C = 3). The uptake was rapid, non saturable, reversible and temperature dependent. At 4°C, the Ci/C e was equal to 1. At high temperatures, an active and initial process appeared that was not visible at lower temperatures and disappeared in presence of energetic metabolism inhibitor: At 42°C, NaCN and 2.4 DNP (1 HIM) reduced the initial transport but they had no significant effect on the subsequent curve.
Introduction
Some intracellular bacteria are able to persist inside phagocytic cells and to generate recurring diseases. Among them are Mycobaclerium tuberculosis, Legionella spp., Brucella spp., and Staphylococcus aureus (World Health Organisation, 1973) . The use of antibiotics which can penetrate phagocytic cells and kill these intracellular organisms is necessary in such infections (Hand & King-Thompson, 1989; Desnottes & Diallo, 1990) . The antibiotic has first to penetrate the phagocytic cells, to be active against the pathogen, to encounter its target inside the cell and finally to achieve sufficient concentration quickly enough.
Previously, Cao et al. (1992) demonstrated that norfloxacin, an antibiotic of the fluoroquinolones family, penetrates J774 macrophages by simple diffusion and that the uptake is reversed by an organic anion transport system. Some differences in intracellular antibiotic uptake depending on the type of the cell and of the chemical structure of the antibiotic, in the same family of molecules, were previously described (Ishiguro et al., 1989; Carlier et al., 1990) . Pefloxacin is a methylated norfloxacin, which penetrates tissues easily in vivo (Panteix et al., 1994) and is widely used for systemic infections. So pefloxacin was chosen to study factors influencing the final intracellular concentration of fluoroquinolones.
For this study, human monocytes were used instead of murine cell lines. Moreover, we wished to design an experimental model to understand the activity of phagocytic cells from patients treated with pefloxacin.
Materials and methods

Isolation of human monocytes
Approximately 20 mL of venous blood was collected in EDTA tubes from volunteers free of antibiotic treatment. Mononuclear cells were collected by a Ficoll Paque (sp.g: 1.079) (Pharmacia Biotech, Uppsala, Sweden) gradient centrifugation and were washed with Hanks' balanced salt solution (pH 7.4; HBSS; GIBCO laboratories, Grand Island, NY, USA). The cells were then plated onto 24-well tissue culture plates and allowed to adhere at 37°C in 5% CO2 in moist air for 1 h. The medium and the nonadherent cells were then removed. The monocytes were rinsed with cold HBSS ( + 4°C) twice and incubated in RPMI medium (GIBCO laboratories) supplemented with 10% fetal calf serum and 5% L-glutamine. The monolayers contained 90% or more monocytes and their viability determined by Trypan blue exclusion method was at least 95%.
Some wells were used for antibiotic uptake assay and others for protein determination which was performed using the principle of Bradford (Bradford, 1976) with the BioRad assay system (BioRad Laboratories (Munich, Germany) with bovine serum albumin as standard.
Measurement of intracellular pefloxacin
The intracellular pefloxacin was determined either by radioactivity assay with U C labelled pefloxacin (Rhone Poulenc Rorer, Vitry/Seine, France) (specific activity = 23.6 mCi/mmol), or by high performance liquid chromatography (HPLC). In the first case, various quantities of pure ] *C pefloxacin were added on the cells in RPMI medium. After incubation and washings, the cells were removed as indicated above. Scintillation liquid was added and the radioactive counts of the cell-associated pefloxacin were determined in a liquid scintillation counter.
Radiochemical purity of H C pefloxacin was assessed by thin layer chromatography on Merck silica plate with the solvent system dioxan-ammoniac-tetrahydrofuran (60:30:20) . The compound had approximately 95% radiochemical purity, as determined by this method.
For the HPLC dosage, the mobile phase (pH 5) delivered at 0.8 mL/min, was prepared to obtain final concentrations of: acetonitrile: 18%, sodium acetate: 14.7 ITIM, citric acid: 9.5 mM, triethylamine: 0.1% (Montay & Tassel, 1985) . Separations were carried out on a 25 x 0.5 cm Ultrabase C18 column, 5 /jm. The detection used a 470 WATERS fluorescence detector (Millipore, Milford, MA, USA). The excitation and emission wavelengths were 390 and 440 respectively, so that the internal standard, the ofloxacin (Roussel Uclaf Laboratories, Romainville, France), could also be detected.
Intracellular volume of monocytes
The monocytes were incubated for 2 h with 3 H 2 O and "inulin-' 4 C carboxyl" (ICN Biomedicals, Irvine, California, USA).
After incubation, the cells were washed twice with cold HBSS. The total volume of the sedimented water was determined from the tritiated water and the volume of the extracellular water sedimented together with monocytes was determined from "inulin-H C carboxyl". The difference between the two assays was defined as the intracellular volume of monocytes (Prokesch & Hand, 1982; Johnson et al., 1980) . Calculated as above, the intracellular volume was estimated to 11.5 ± 3.8 nL//jg of proteins (n -6) and the total amount of proteins was about 5 /ig for each assay. The intracellular drug concentration can be estimated by dividing the amount of cell associated drug by the intracellular volume.
Antibiotic uptake
Cells were incubated at 37°C with pefloxacin at 8 mg/L. At the indicated times (0-24 h), we removed the incubation medium to stop the antibiotic exchanges. The cells were quickly washed twice with cold HBSS. They were removed in water by scraping with a rubber policeman and so lysed. Then the amount of cell-associated drug was measured (Renard et a!., 1987) .
To be sure that pefloxacin was not fixed on the outer cell membranes, comparison between cold HBSS washings and cold Tween 20 washings (0.2% in TBS (0.5 M Tris/0.15M NaCl)) was made after incubating periods. Tween 20 is used as a soft detergent to remove the extracellular pefloxacin fixed on the membrane.
To study the role of the extracellular concentration on the uptake, the concentrations of 4, 8, 16 and 32 mg/L of pefloxacin were used. These concentrations were chosen on the bases of known pharmacological levels in vivo (Panteix et al., 1994) .
The role of the intracellular volume on the uptake was studied by incubations of the cells in RPMI medium of different tonicity: the hypotonic media were RPMI medium diluted with sterilized water at 1/5 and 1/10; the hypertonic media were RPMI medium with 3 or 6 g/L of NaCl added.
The influence of temperature was examined by comparing a 8 mg/L pefloxacin uptake at 4, 30, 37, 40 and 42°C. Cells were preincubated for 15 min. at the incubation temperature.
We studied mechanisms of pefloxacin uptake by monocytes at 42°C. Pefloxacin was at a concentration of 8 mg/L and inhibitors of energy metabolism were added: sodium cyanide (NaCN) (Aldrich Chemical Co, USA) at 5 mM with a preincubation of 2 h, at 1 mM with a preincubation of 1 h and 2,4 dinitrophenol (2,4DNP) (Sigma Chemical Co, CA, USA) at 1 mM with a preincubation of 3 h.
Membrane exchanges
In order to investigate the reversibility of pefloxacin cell association, the dissociation of pefloxacin out of the cell interior and/or binding sites was examined. After 2 h of preincubation of the monocytes with 16 mg/L of radiolabelled pefloxacin at 37°C, pefloxacin-cell association was determined. Immediately after, the extracellular medium was removed and the cells were then incubated in 50 or 8 mg/L non-labelled pefloxacin
medium. Total and radiolabelled pefloxacin were measured after 5 and 30 min of incubation.
Cellular interaction
Cells on plates were carefully removed in HBSS. They were centrifuged for 10 min at 4°C, 500g. The pellet was resuspended in Tris 50 mM pH 8-Nonidet (NP40) 1 % to break the cells without changing the folding of the proteins. The intact cells were eliminated by centrifugation and H C pefloxacin was added. To separate the bound pefloxacin from the free pefloxacin, 1 mL of dextran coated charcoal was added (Herbert et al., 1965; Hertogh, Van Der Heyden & Ekka, 1975) . The suspension was decanted and the radioactivity of the supernatant was measured. A blank was done with the same quantity of radioactivity to control the free pefloxacin not retained by the charcoal.
Data presentation
The cell association of pefloxacin is defined as the total amount (ng) of antibiotic per fig of protein as function of time or extracellular pefloxacin concentration. The ratio Ci/Ce expresses the ratio of the measured intracellular pefloxacin concentration at 60 min to the calculated extracellular pefloxacin concentration in the incubating medium. The statistical significance of differences between results was calculated by Student's /-test.
Results
Protocol verifications
The cell viability after 24 h when cells were incubated in presence of pefloxacin was 90% (mean of three experimental results).
The penetration of pefloxacin inside cells was calculated from the difference between the cell-associated drug, 0.47 ng of pefloxacin per /ig of proteins, and the 0.40 ng of pefloxacin per /ig of proteins measured after treatment with Tween 20. This decrease corresponds to a release of 15% of extracellular associated pefloxacin.
After 24 h of incubation of pefloxacin in monocytes, we verified by thin layer chromatography and confirmed that pefloxacin was not metabolized. Figure 1 shows that pefloxacin was taken up by human monocytes in a time dependent manner at 37 C C. Equilibrium was reached after 30 min (see the insert) and half time of equilibration was 4 min.
Kinetics
The intracellular concentration after some long incubation times (3, 6 and 24 h) increases very slowly. Between 1 and 24 h, a linear relation can be calculated and formulated as: y = 0.4915 + 0.0225.Y (r = 0.92), where x is expressed in hours.
Role of extracellular concentration
The influence of the extracellular concentration on the cell-association of pefloxacin has been determined in the range of 4 to 32 mg/L pefloxacin.
Neither difference of penetration kinetics, penetration rate nor cell saturation could have been observed: the penetration linearly increases with the extracellular concentration and the percentage of the cell-associated pefloxacin is always the same related to the extracellular concentration. So the ratio CJC e is stable and reaches the approximate value of 3 (Figure 2) .
Role of intracellular volume
Some cellular populations (n = 7) were incubated with pefloxacin at 8 mg/L in iso-, hypo-and hyper-tonic medium.
The intracellular quantity of pefloxacin is proportionally related to the intracellular volume. They both similarly increase when the osmolarity of the extracellular medium decrease (Figure 3) .
Role of temperature
Data on pefloxacin uptake by monocytes measured at different temperatures are given in Table I and Figures 4 and 5. Cells were incubated with pefloxacin at 8 mg/L. Intracellular pefloxacin penetration increases with the temperature. At 4°C, pefloxacin almost does not enter the cells (QC< = 1). At 30°C, the C./G is 2.3 and at 42°C, the intracellular amount of pefloxacin is greater than at 37°C (CJC C = 5). After 37°C, the penetration is increased more rapidly than at low temperatures ( Figure 5 ). These results indicate that the binding of pefloxacin is temperature dependent and suggest a major contribution of the cell membrane to the association of pefloxacin with the monocytes. pefloxacin at [r]°Q between 30° and 40°C is 1.6, which is in the range of diffusion reactions (Becker & Lichstein, 1972) .
The most noticeable result is a very particular curve at 42°C (Figure 4 ): a first and rapid increase at 3 min is followed by a rapid decrease of the cell-associated pefloxacin; afterwards, a progressive increase is observed as at 37°C. The position of the first peak can vary with the origin of the monocytes between 2 and 10 min.
Effect of metabolic inhibitors on cellular uptake of pefloxacin
Two cellular metabolism inhibitors were evaluated for their influence on drug entry into monocytes at 42°C (Table II and Figure 6 ). The first and rapid augmentation of the intracellular pefloxacin is inhibited in the presence of NaCN which blocks mitochondnal oxidative metabolism and in the presence of 2,4 DNP, a classic uncoupler of oxidative phosphorylation. The final amount of pefloxacin at the equilibrium is not modified with 2.4 DNP nor NaCN except when NaCN is in high concentration: with 5 mM of NaCN, the cell viability after 15 min of incubation decreased by 30%.
Isotopic dilution
Preloading of the monocytes with 16 mg/L I4 C pefloxacin (2 h) results afterwards in a stabilisation of the intracellular pefloxacin at 37°C. After the removal of the labelled extracellular medium, 50 mg/L of non labelled pefloxacin medium was added. As expected, the total intracellular pefloxacin increased but the total intracellular pefloxacin decreased but within 5 min we could find cold pefloxacin inside cells. These results indicate that there are exchanges between the extracellular and intracellular medium even when stabilisation has not been obtained.
Cellular interactions
After incubation of cellular lysate with I4 C pefloxacin, an important interaction of the drug with cellular components was observed: 38% of the initial radioactivity was bound to cell proteins (4 /ig) (mean of two assays in quadruplicate).
Discussion
A number of pathogenic bacteria are able to persist intracellularly after ingestion by phagocytes especially monocytes. These facultative intracellular organisms may produce prolonged infections because of their ability to survive or multiply inside phagocytes. In this work, the factors influencing pefloxacin uptake were studied. The original result concerning pefloxacin uptake is the aspect of the penetration curve at temperatures above 37°C. A rapid increase occurs during the first minutes followed by an equally rapid decrease. This mechanism observed at 42°C does not appear at 37°C and is either a reaction of the cells against the high temperature or a mechanism which already exists at 37°C but is not activated.
This increase may also correspond to a rapid association of pefloxacin on the surface of the cells due to lipophilic interactions. Such a phenomenon has already been 
(3) 
"Significantly different (P < 0.05) from the value at 5 min.
described with monocytes in suspension and at 37°C by Hand & King-Thompson (1989) for imipenem, molecule of the carbapenem antibiotic family. However, in our model, the rapid increase followed by the rapid decrease of the intracellular pefloxacin (Figures 4 and 6) was inhibited in presence of metabolic inhibitors (Table II) Table I . be explained by a return to the equilibrium between intracellular and extracellular concentrations.
The intracellular amount of pefloxacin in the second part of the curve, after 15 min, in presence of a concentration of NaCN which does not induce cell mortality or with the 2,4 DNP is the same as the control. This finding suggests that pefloxacin uptake after 15 min could not be related to an active transport process. Nevertheless we can note that Pascual, Garcia & Perea (1989) demonstrated that NaCN (at 1 and 5 HIM) decreased intracellular ofloxacin uptake at 37°C and suggested an amino-acid transport mechanism possibly involved in this uptake. Therefore competitive uptake studies between pefloxacin and amino-acids should be studied before and after 15 min to clear this point. Although Koga (1987) did not find a lower intracellular concentration at 4°C, our results show that the incubation temperature influences pefloxacin concentrations in monocytes (Table I) . Koga (1987) used HPLC with UV absorbance detection. In our study pefloxacin was assayed by HPLC coupled with fluorimetric detection allowing detection of small amounts of pefloxacin (6 pg). The method was first validated with monocytes spiked with known amount of pefloxacin. A good correlation was observed with radiometric detection after incubation of monocytes with radiolabelled 14 C pefloxacin but HPLC was finally chosen because it is more sensitive (6 pg vs 300 pg).
No important differences were observed in cell-associated pefloxacin concentration after washings of the cells by tween 20, in order to release the antibiotic attached to the membrane, or by a balanced solution. This result was similar to that of other authors such as Carlier et al. (1990) who demonstrated by cell fractionation that pefloxacin concentrates inside cells.
No saturation phenomenon was observed with extracellular levels ranging from 4 to 32 mg/L of pefloxacin and the total final amount is related to the volume of the cells. These last findings do not contradict the possibility of binding sites on the membrane and active transport mechanism for an incubation time longer than 10 min. However, the CJC ratio obtained at the equilibrium reaches 3. Koga in 1987 found the same value in human PMNs. Carlier et al. (1989) obtained 7.7 for the C,/C ratio in J774 macrophages and 4 in human PMNs.
This ratio indicates that pefloxacin concentrates inside the cells. This "captation" could be explained by an interaction with a cellular component as it is demonstrated by pefloxacin-bound isolated by dextran coated charcoal sedimentation. The simple diffusion would be complemented by an active process at high temperatures which at Pennsylvania State University on February 20, 2013 induces an important penetration of the drug immediately reversed by an efflux process.
Further investigations are necessary to understand better which mechanism is involved in pefloxacin uptake, and what is the role of the transport mechanism for the first peak in the concentration at steady state at 42° and 37°C. Assuming that an intracellular concentration results from both penetration and efflux, the possible role of an active organic anion transport or an active amino-acid transport is to be verified. The possibility to enhance uptake or to block an efflux could be an important therapeutic opportunity to increase the final concentration of an antibiotic in cells and by consequence its activity against intracellular germs.
